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Introduction

Mercury (Hg) is a heavy metal with 
a large environmental effect on 
ecosystems owing to its high toxicity 
and ability to bioaccumulate in the 
aquatic food chain.1 Humans mainly 
accumulate organic Hg through the 
ingestion of aquatic food species, 
whereas exposure to elemental or 
inorganic Hg occurs mainly through 
the inhalation of gaseous Hg.2 Mercury 
can cause several adverse health effects 
based on its form (organic, inorganic 
or elemental), duration and pathway 
of exposure. Chronic exposure to low 
levels of inorganic or elemental Hg can 
cause behavioral and neurocognitive 
disturbances, kidney dysfunction 
and tremors.2 Mercury can also cause 
impaired hearing and vision, as well 
as impairment to the central nervous 
system.3

According to the United Nations 
Industrial Development Organization 
(UNIDO), at least 100 million people 
in Africa, Asia and South America rely 
on artisanal small–scale gold mining 

(ASGM) directly or indirectly for their 
livelihood.4-8 In addition to cocoa, 
which is the main export commodity, 
gold mining has played a vital part in 
the socio–economic growth of Ghana 
over the past decades, and the export 
of gold has been an important source 
of revenue.9 However, there are health 
concerns in mining communities 

due to lack of personal protective 
equipment for mining, unsanitary 
working conditions and exposure to 
noise, dust and Hg.10

The use of Hg in ASGM has received 
global attention as it is hazardous to 
human health. Most ASGM activities 
are performed in rivers and along river 
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banks, as these areas have higher gold 
concentrations.11 For the extraction of 
gold from ore, most artisanal miners 
use elemental Hg to amalgamate gold, 
as the process remains the cheapest 
and most convenient technique. 
During amalgamation, the resulting 
amalgam is smelted, and Hg vapor 
is released and inhaled by miners 
directly involved in this activity and 
those within the vicinity, since no 
ventilation or respiratory protection 
to prevent the release of Hg vapor 
has been put in place.3 In addition, 
Hg can enter into the surrounding 
aquatic ecosystem and bioaccumulate 
by bacteria into methylmercury in the 
food chain.12     

In Ghana, the major environmental 
concerns of ASGM activities are Hg 
contamination from environmental 
degradation, ecosystem physical 
destruction and gold processing.13 
Small–scale miners in most of the 
mining communities in Ghana 
handle Hg without the use of effective 
personal protective equipment 
and those involved in ASGM may 
breathe in high concentrations of Hg, 
which is steadily absorbed into their 
bloodstream.10 Exposure to Hg vapor 
is usually linked with occupational and 
accidental exposures and high doses 
can lead to acute and chronic effects.14 

Total mercury (THg) contents in urine, 
blood, and hair can be used to assess 
human exposure. Because sampling 
of human hair is non–invasive, THg 
levels in hair are commonly used as a 
bioindicator of Hg pollution compared 
to urine and blood.15,16 Fingernails 
have also been used as a bioindicator 
of organic Hg contamination and have 
been used to assess amalgam exposure 
by dentists as well.17

Mining, regardless of the mode 
of operation and process, has 
adverse effects on the environment 
and atmosphere. The extent of 
damage depends largely on the 

mining processing procedures 
being employed. In Ghana, several 
studies have revealed environmental 
concerns, including pollution and land 
degradation associated with mining 
activities. In particular, large–scale 
mining activities continue to reduce 
the vegetation of mining towns, 
rendering the land unsupportive for 
crop growth and toxic to biological 
diversity.18,19 In addition to land 
degradation, chemical contamination 
from the gold extraction process poses 
health risks for mining communities 
and people residing in close proximity 
to these sites. Small–scale mining 
operations involving ore processing 
generate dust capable of causing 
dust–related diseases when the 
generated particles fall within the 
respirable dust range.20 Furthermore, 
open air burning of gold amalgam 
produces mercury fumes, which 
are released into the atmosphere. 
This exposes miners and nearby 
residents to the dangers of mercury 
contamination.20 Rivers and streams 
are polluted by mercury suspension 
and unstable piles of waste, which are 
usually discharged into nearby water 
bodies during the amalgamation and 
sluicing process. This, in turn, leads 
to coloration and siltation of nearby 
water bodies, rendering rivers and 
streams unusable for both industrial 
and domestic purposes. Drainage of 
oils and lubricants into streams also 
causes deoxygenation of water, which 
threatens aquatic life. For example, 
Ankobra, Pra, Densu and Birim rivers, 
which serve communities along the 
watersheds, have been contaminated, 
as they have been turned into 

reservoirs for dangerous chemical 
disposal.21–23 Moreover, pits dug during 
the mining process pose a hazard 
to the community and are breeding 
grounds for mosquitoes with potential 
dangers to human health.24 

Individuals involved in small–scale 
gold mining activities are exposed to 
increased levels of Hg vapor, since 
protective and preventive measures 
are not often used in mining areas. 
Protective measures such as fume 
hoods can be used to decrease 
mercury emissions and fumes. 
Moreover, techniques such as chemical 
leaching, direct smelting and gravity 
have been used to eliminate Hg used 
in gold–mining areas.25 However, 
small–scale miners cannot afford these 
techniques as they require innovation, 
monitoring, training and capital. Even 
though small–scale mining contributes 
significantly to the Ghanaian economy, 
a lack of environmental awareness, 
resources and training among the 
artisanal miners has led to health 
hazards for the population and 
environmental damage to the mining 
communities.26,27 Thus, the majority 
of the population, particularly those 
engaged in artisanal small–scale 
gold mining, are unmindful of the 
hazards posed by the use of mercury 
in mining operations. The full effect of 
gold mining using the amalgamation 
technique has not been thoroughly 
investigated in Amansie West District. 
In particular, the fate of mercury in 
biological media is largely unknown. 
Therefore, research is needed to 
determine total Hg levels to determine 
the levels of mercury in hair, urine 
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and fingernails of small–scale gold 
miners in the Amansie West District. 
The main aim of the present study 
was to assess levels of Hg exposure 
among small–scale miners actively 
involved in the smelting of amalgam 
and inhabitants in the Amansie West 
District of Ghana. 

Methods

Amansie West District covers a land 
area of about 1,141 km2, with Manso–
Nkwanta as the capitol. The district 
is rich in gold deposits with mining 
emerging as the most vital commercial 
activity. It has about 310 settlements 
with a population of 128,862. About 
52% of the population is male. Of 
the adult population, about 70% 
are farmers and 22% are engaged 
in artisanal mining. The district is 
drained in the north by the Oda and 
Offin rivers with Emuna, Pumpin, and 
Jeni as tributaries. The drainage system 
of the district is used for irrigational 
vegetable farming, cultivation of rice 
and to some extent aquaculture. The 
Offin River is well–known for gold 
production, and miners regularly 
mine using primitive methods. Several 
tributaries of the Offin River are 
dominated by artisanal mine activities. 
Gold is more often mined in the Offin 
river valley with the use of elemental 
liquid Hg for the amalgamation of 
gold particles compared to other river 
reservoirs in Ghana.

Sampling 

Communities in the district where 
small–scale gold mining activities 
are performed were visited. Most of 
the inhabitants in the Amansie West 
District were farmers, with young 
people more likely to be engaged in 
small–scale gold mining. The study was 
approved by the Ghana Environmental 
Protection Agency and the Ministry 
of Local Government and Rural 
Development in Manso Nkwanta. 

Meetings with local authorities were 
held to obtain their consent. Miners, 
including those involved in the smelting 
of amalgamated gold, were contacted 
and given information on the aims 
and procedures of the present study 
and study subjects gave their informed 
consent. Hair samples were cut as 
close as possible to the scalp following 
standard procedures.28 Samples were 
sealed into separate polyethylene bags. 
Fingernail clippings were obtained 
using stainless–steel clippers in 
agreement with International Atomic 
Energy Agency (IAEA) procedures 
to avoid to cross–contamination of 
specimens. For the urinary samples, 
miners were asked to wash their hands 
thoroughly to avoid any contamination. 
Using a 100 mL sterile plastic container, 
urine samples were collected in the 
field, sealed and kept in an ice bath. 
Each participant was asked to complete 
a questionnaire detailing their residence 
history, occupation, rate of fish 
consumption, nutritional habit, sex, and 
age. Hair, urine and fingernail samples 
were conveyed to the Department 
of Chemistry, Kwame Nkrumah 
University of Science and Technology, 
Kumasi, Ghana for analysis. In all, 
sixty–eight samples each of hair, nail, 
and urine were obtained from the 
sampling cohort. Control samples were 
collected from twelve individuals living 
in Kumasi, using the same procedure as 
that of the miners.

Sample treatment and analysis

In the present study, hair samples were 
initially rinsed with acetone, then with 
deionized water and dried to constant 
weight in an oven at 50oC as earlier 
reported.29 Hair and nail samples 
were digested for THg determination 
using the open flask method.30 The 
weighed quantity of each sample was 
put into three separate boiling tubes 
containing 0.5 g of fingernails/hair 
sample, 5.0 mL of sulfuric acid, and 
2.0 mL of perchloric acid: nitric acid 

in the ratio of 1:1. Subsequently, 1.0 
mL of deionized water was added. The 
contents of the boiling tubes were then 
digested on a sand bath at 200 ± 5oC 
until a clear solution was obtained. 
The solution was cooled to room 
temperature and made up to the 50 
mL mark with deionized water. For the 
urine samples, a 20.0 mL aliquot was 
digested with 20.0 mL sulfuric acid, 
perchloric acid and nitric acid in the 
ratio of 3:1:1. To minimize the loss of 
Hg by volatilization, the solution was 
then reduced to 20.0 mL by heating 
at 50oC. The digested samples were 
topped up to the 50 mL mark with 
deionized water. A standard and blank 
digestion using 100, 50 and 25 µL of 
1µL mL–1 standard mercury solution 
was subjected to the same procedure. 
Samples were put in glass bottles and 
analyzed for their Hg concentrations 
using cold vapor atomic absorption 
spectrophotometry with an automatic 
mercury analyzer (HG 5000), equipped 
with an Hg lamp at a wavelength of 
253.7 nm.

Quality assurance 

Quality assurance samples were 
analyzed and were comprised of 
replicate samples, reagent blanks 
and pre– and post–digestion spikes. 
Detection limits and recovery rate 
were also calculated. Samples were 
spiked with several concentrations of 
standard Hg solutions to verify the 
analytical procedure and recovery 
repeatability tests. For each batch 
of experiments, blanks and spiked 
samples were performed in triplicate 
using the same digestion procedure. 
The limit of detection was found to be 
0.045 μg/L for urine samples, 0.048 
μg/g for fingernail samples and 0.05 
μg/g for hair samples. The recovery 
was greater than 90%. 

Statistical analysis

The IBM Statistical Package for 
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the Social Sciences 20.0 software 
program was employed to perform 
the descriptive statistics. Statistical 
differences between mean groups were 
carried out using analysis of variance. 
The significance level was set at p < 0.05.

Results

Table 1 lists the concentrations of Hg 
in the samples in the present study in 
non–miners (n = 12), smelter miners 
(n = 32) and non–smelter miners  
(n = 36).

Table 2 presents the Pearson 
correlation analysis of the 
concentrations of THg in scalp hair, 
fingernails and urine, as well as the 
duration of stay and age of study 
participants.

Table 3 present the one-way analysis 
of variance comparison of THg 
concentrations between and within the 
biological media.

Discussion

As shown in Table 1, different 

Table 1 — Concentrations of Total Mercury in Scalp Hair, Fingernails and Urine Against Duration at the Mining Site and Subject Age

Table 2 — Pearson Correlation Analysis of Total Mercury Levels in Hair, Fingernails 
and Urine Against Duration of Stay and Age of Smelter Miners (n = 32)

Table 3 — Pearson Correlation Analysis of Total Mercury Levels in Non–miners, 
Smelter Miners and Non–smelter Miners
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concentrations of Hg were found in 
the various biomarkers of the sampled 
subjects. Differences were due to 
different levels and duration of Hg 
exposure, and the differing uptake 
of biological absorption systems. 
Differences in mercury levels in hair 
and urine could be due to burning 
operations at the gold mining sites.31 
Much of the protein in hair is rich 
in the sulfur–containing amino acid 
cystine, which is largely responsible for 
the binding of mercury compounds. 
Once mercury combines with hair, it 
never separates and Hg levels remains 
consistent.32–34 Mercury content in hair 
comes from exogenous contamination 
and blood. Desquamated epidermis 
and secretions from sweat, sebaceous 
and apocrine glands are probably 
responsible for hair mercury 
contamination in studies.35 

Urine Hg concentration is very 
stable and relatively simple, due to 
the characteristic of the medium.36 
However, because organic Hg 
represents a very small portion of 
urine Hg, urine Hg is more useful for 
the analysis of metallic or inorganic 
Hg compounds.36 In addition, workers 
exposed to Hg for an extended 
duration exhibit high levels of urine 
Hg concentration for a long period 
of time, as seen in the blood Hg 
concentrations, due to the burden of 
Hg on the body.37

The Hg concentration in hair is 
often used as a biomarker for 
methylmercury exposure, as it reflects 
the concentrations in blood at the time 
the hair was formed. Simultaneously, 
hair sampling offers a non-invasive 
and simple sampling method, and as 
a storage method offers good sample 

preservation. However, hair is not 
as good an indicator of Hg vapor 
exposure as urine.38 The determination 
of toxic elements in urine is an 
important clinical screening procedure 
and has become a matter of wide 
interest owing to the toxicity of 
these elements and their influence in 
controlling the course of biological 
processes.39 In addition, total Hg value 
in urine is an important biomarker for 
evaluating inorganic Hg and Hg vapor 
exposure.40 

The presence of Hg in urine generally 
represents exposure to inorganic Hg 
and is considered the best measure of 
recent exposures to inorganic Hg or 
elemental Hg vapors because urinary 
Hg is thought to indicate most closely 
the Hg levels present in the kidneys.40 
Urine analysis is more useful for 
evaluating Hg vapor exposure of those 

Figure 1 — Distribution of THg in (a) hair, (b) fingernails and (c) urine of  
non–miners, smelter and non–smelter miners
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individuals not directly involved with 
mining and amalgamation activities, 
such as employees and neighbors of 
gold-buying shops, as well as children 
and women living in mining sites. It 
is not surprising that smelter miners 
involved in open burning Hg will 
accumulate Hg and exhibit high Hg 
concentrations in urine. Therefore, in 
the Amansie mining communities, 
urinary Hg was considered to be the 
most valid bioindicator of exposure 
from inhalation of elemental vapor.

In the present study, smelter miners 
recorded the highest concentrations 
of THg in urine, hair and fingernails. 
However, the non–smelter miners 
showed greater THg concentrations 
than the non–miners. This was 
because smelter miners were either 
involved in operations where Hg 
was used or the duration of their 
involvement in mining activities. The 
presence of THg in urine, hair and 
fingernails of non–miners was due 
to Hg used in gold amalgamation 
processes, which volatilizes rapidly at 
high temperatures. This affected those 
living in communities close to the gold 
mining sites. The results presented 
here showed that THg in urine, 
hair and fingernails more efficiently 
distinguished mercury exposure in 
people close to Hg pollution sources 
than in people living far from the 
mining sites. The THg concentrations 
in the biological media were increased 
in relation to the duration of stay at the 
mining sites. 

Similarly, Hg contamination in 
miners from an artisanal gold mining 
area in the Brazilian Amazon was 
higher than that in non–miners.41 
Total mercury levels recorded in 
hair samples obtained from smelter 
miners were above the 1 µg/g limit set 
by the United States Environmental 
Protection Agency (USEPA).42 In 
contrast, only 46% and 29% of hair 
samples collected from non–smelter 

miners and non–miners, respectively, 
had THg concentrations above this 
level. The World Health Organization 
(WHO) considers 4 ug/L of THg in 
urine to be normal.43 Mean THg levels 
in the urine of smelter miners in this 
study were above the guideline of the 
WHO. Moreover, this study found 
that average THg concentrations 
measured in urine samples of non-
miners and non-smelter miners 
were above the 4 μg/L standard. 
This suggests that mercury exposure 
identified in the smelter miners could 
result in mild adverse effects. The 
THg concentrations in this study 
were higher than the 0.89 – 6.50 μg/g 
level reported in the Pra River Basin, 
Ghana and 0.843 μg/g ± 0.557 in some 
Ghanaian individuals.44,45 The THg 
concentrations in the hair (4.27 μg/g), 
urine (6.40 μg/L) and nails (3.45 μg/g) 
of some artisanal miners in Tanoso, 
Ghana were somewhat lower than 
those recorded in the present study.46 
A urine total mercury level of 1.23 ± 
0.86 μg/L was reported among native 
individuals in Dunkwa–Offin, Ghana, 
a small–scale mining community.29 

Comparing the results of the present 
study to those from elsewhere, a high 
THg concentration of 151.2 μg/g was 
recorded in the hair of individuals 
living in Brasilia Legal, Brazil and 
the Madeira river area (9.2 μg/g).30,47 
The mean hair Hg concentration of 
4.2 μg/g recorded for inhabitants of 
the coast of Papua New Guinea was 
also higher than that obtained in the 
present study.48 In the Creporizinho 
and São Chico areas, THg contents 
in urine (13.75 ± 19.59 and 17.37 ± 
36.55 μg/L) among the miners were 
higher than those in this study, but the 
levels in hair (4.58 ± 2.95 and 4.50 ± 
5.97 μg/g) were lower compared to the 
present study.41

In smelter miners, Hg levels in urine 
were found to be highest, followed 
by contents in hair and fingernails 

(Figure 1). Mercury levels were highest 
for miners around twenty–nine (29) 
years of age. This was because miners 
of this age perform more physically 
demanding manual tasks, such as the 
final stages of gold enrichment, which 
includes amalgam decomposition 
by heating and the mixing of Hg 
with gold–bearing rocks for Hg 
amalgamation.

In smelter miners, there were 
no differences (p > 0.05) in THg 
concentrations across hair, fingernail 
and urine samples (Table 2). Moreover, 
participant age was not associated 
with the amount of absorbed Hg (p > 
0.05). This is in agreement with earlier 
studies.43 As seen in Table 2, older 
miners did not have a higher amount 
of Hg in hair, urine or fingernails. This 
may be because older miners had a 
shorter work duration and exposure 
period. Moreover, miners could have 
different exposures levels because of 
their differing work descriptions. 

Pearson’s correlation showed a strong 
significant correlation between 
duration of stay in mining activities 
and levels of THg in urine samples (r = 
0.649, p < 0.05). This was comparable 
with earlier studies.48 The positive 
association between urine THg 
contents indicated that duration was a 
good predictor of urine Hg. However, 
very poor correlations between THg 
levels in hair (r = 0.064) and fingernail 
(r = –0.207) samples with respect to 
the duration of stay were observed. 
This negative correlation indicated 
that they were below detection limits. 
A weak positive correlation between 
THg concentrations in hair and urine 
of children in Germany has also been 
reported.49 

The Shapiro–Wilk normality test 
showed that THg levels in non–
miners, smelter and non–smelter 
miners were normally distributed 
(p > 0.05). Moreover, the Levene 
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test showed homogeneous variance 
among study groups. The relationship 
among non–miners, smelter and 
non–smelter miners were checked by 
Pearson’s correlation analysis. Smelter 
miners and non–smelter miners were 
significantly correlated (p < 0.01, 
r = 0.996), (Table 3). This might be due 
to the similar distribution behavior 
and mining activities of smelter and 
non–smelter miners. However, no 
significant association was observed 
between non–miners and smelter or 
non–smelter miners. 

Factors such as medicines, smoking, 
age, alcohol consumption and place 
of residence were considered in the 
interview-administered questionnaire. 
None of these factors were found to 
influence Hg concentration in the 
hair, urine and fingernails of study 
participants. This could be due to the 
varied nature of the sample population 
with regard to background and 
residence in different mining sites and 
communities. Miners are exposed to 
Hg vapor at considerable rates, based 
on the frequent burning of amalgam in 
their operations. 

Exposure to Hg by humans living 
in close proximity to mining 
sites primarily occurs through 
methylmercury from dietary sources, 
especially fish, and occupational Hg 
vapor exposure from gold melting 
or amalgam burning. Moreover, 
inhalation of Hg vapor is the primary 
exposure pathway for miners, gold 
shop workers and people living near 
areas where Hg is handled. Residents 
in the mining communities may 
be exposed to high methylmercury 
concentrations in fish from waterways 
that are contaminated by Hg from 
mining sites.

Although the use of Hg in mineral 
processing is illegal in most countries, 
including Ghana, amalgamation is the 
preferred method employed by ASGM 

practitioners. This is because Hg is 
inexpensive, readily available and easy 
to use. However, miners often ignore 
the health risks associated with Hg 
handling. Moreover, it is difficult to 
obtain quantitative and reliable data 
on Hg releases from ASGM sites, as 
miners do not freely offer information 
about the amount of Hg they use. 

Conclusions

The present study examined THg 
concentrations from biological media 
collected in the vicinity of small–scale 
gold mining sites in the Amansie 
West District. Total mercury levels 
measured in hair samples obtained 
from smelter miners were above 
the 1 µg/g limit set by the United 
States Environmental Protection 
Agency. In contrast, 46 and 29% of 
hair samples collected from non–
smelter miners and non–miners 
had THg concentrations above 
this level. Moreover, the present 
study revealed that all of the THg 
concentrations measured in urine 
samples were far below the >25 μg/L 
level considered to indicate a high 
level of mercury contamination. This 
indicated low levels of THg through 
occupational and environmental 
exposure. Most of the measured 
THg levels were observed at higher 
levels in smelter miners than non–
miners and non–smelter miners. The 
small–scale miners at the mining 
sites were observed handling mine 
tailings and Hg without the use 
of personal protective equipment. 
Based on the primary findings, 
factors such as migration and social 
connectivity, malnutrition and living 
downstream of ASGM activities were 
considered to be associated with 
increased mercury exposure. Based 
on the levels of THg analyzed in 
the biological media, artisanal gold 
mining activities in Amansie West 
District are on the increase with a 
potential risk of developing chronic 

effects. In conclusion, this study 
provides science-based exposure 
evidence to support the notion that 
individuals residing in small-scale 
gold mining communities are exposed 
to potentially high levels of Hg. 
In addition, it is difficult to gather 
accurate data on THg contamination 
at gold mining sites in the Amansie 
West District, but some of the data 
obtained in this study show strong 
evidence of Hg exposure among the 
smelter miners. Although individuals 
directly involved in gold amalgamation 
experienced the highest exposures to 
Hg, our data suggest that most of the 
residents were exposed to elevated 
levels of Hg, therefore further studies 
are needed to determine if such 
exposures are associated with adverse 
health outcomes. The health risks 
and consequences of environmental 
pollution must be considered and the 
present study will help authorities 
address this issue. The powers of 
district assemblies to monitor mining 
activities and impose guidelines on Hg 
discharges into the environment from 
the mining sites and to address the 
illegal activities of small-scale miners 
must be strengthened. 

Acknowledgments  
The authors are very grateful to 
the National Council for Tertiary 
Education (NTCE), Ghana, for a 
research grant under the Teaching 
and Learning Innovation Fund 
(TALIFKNUSTR/ 3/005/2005). The 
authors also thank the Department 
of Chemistry, Kwame Nkrumah 
University of Science and Technology, 
Kumasi for their technical assistance 
and support.

Copyright Policy  
This is an Open Access article 
distributed in accordance with 
Creative Commons Attribution 
License (http://creativecommons.org/ 
licenses/by/3.0/). 

Opoku et al



Journal of Health & Pollution Vol. 9, No. 21 — March 2019
8

Research

References

1. Zheng YM, Liu YR, Hu HQ, He JZ. Mercury in soils 

of three agricultural experimental stations with long-

term fertilization in China. Chemosphere [Internet]. 

2008 Jul [cited 2019 Feb 8];72(9):1274-8. Available from: 

https://doi.org/10.1016/j.chemosphere.2008.04.052 

Subscription required to view 

2. Fourth national report on human exposure to 

environmental chemicals [Internet]. Atlanta, GA: 

Centers for Disease Control and Prevention; 2009 [cited 

2018 Mar 13]. 530 p. Available from: https://www.cdc.

gov/exposurereport/pdf/fourthreport.pdf 

3. Yard EE, Horton J, Schier JG, Caldwell K, Sanchez 

C, Lewis L, Gastaňaga C. Mercury exposure among 

artisanal gold miners in Madre de Dios, Peru: a cross-

sectional study. J Med Toxicol [Internet]. 2012 Dec 

[cited 2019 Feb 8];8(4):441-8. Available from: https://doi.

org/10.1007/s13181-012-0252-0

4. Bose-O'Reilly S, Drasch G, Beinhoff C, Tesha A, 

Drasch K, Roider G, Taylor H, Appleton D, Siebert U. 

Health assessment of artisanal gold miners in Tanzania. 

Sci Total Environ [Internet]. 2010 Jan 15 [cited 2019 

Feb 8];408(4):796-805. Available from: https://doi.

org/10.1016/j.scitotenv.2009.10.051 Subscription 

required to view 

5. Odumo OB, Mustapha AO, Patel JP, Angeyo HK. 

Multielemental analysis of Migori (Southwest, Kenya) 

artisanal gold mine ores and sediments by EDX-ray 

fluorescence technique: implications of occupational 

exposure and environmental impact. Bull Environ 

Contam Toxicol [Internet]. 2011 May [cited 2019 Feb 

8];86(5):484-9. Available from: https://doi.org/10.1007/

s00128-011-0242-y Subscription required to view 

6. Drasch G, Bose-O'Reilly S, Beinhoff C, Roider 

G, Maydl S. The Mt. Diwata study on the Philippines 

1999--assessing mercury intoxication of the population 

by small scale gold mining. Sci Total Environ [Internet]. 

2001 Feb 21 [cited 2019 Feb 8];267(1-3):151-68. Available 

from: https://doi.org/10.1016/S0048-9697(00)00806-8 

Subscription required to view 

7. Ashe K. Elevated mercury concentrations in 

humans of Madre de Dios, Peru. PLoS One [Internet]. 

2012 Mar [cited 2019 Feb];7(3):e33305. Available from: 

https://doi.org/10.1371/journal.pone.0033305 

8. Pinheiro MC, Oikawa T, Vieira JL, Gomes MS, 

Guimaraes GA, Crespo-Lopez ME, Muller RC, Amoras 

WW, Ribeiro DR, Rodrigues AR, Cortes MI, Silveira 

LC. Comparative study of human exposure to mercury 

in riverside communities in the Amazon region. Braz 

J Med Biol Res [Internet]. 2006 Mar [cited 2019 Feb 

8];39(3):411-4. Available from: http://dx.doi.org/10.1590/

S0100-879X2006000300012 

9. Jonsson JB, Fold N. Mining ‘from below’: taking 

Africa’s artisanal miners seriously. Geogr Compass 

[Internet]. 2011 July 5 [cited 2019 Feb 8];5(7):479-

93. Available from: https://doi.org/10.1111/j.1749-

8198.2011.00435.x 

10. Mensah EK, Afari E, Wurapa F, Sackey S, Quainoo 

A, Kenu E, Nyarko KM. Exposure of small-scale gold 

Mminers in Prestea to Mercury, Ghana, 2012. Pan Afr 

Med J [Internet]. 2016 Oct 1 [cited 2019 Feb 8];25(6):1-

4. Available from: https://doi.org/10.11604/pamj.

supp.2016.25.1.6171.

11. Armah FA, Luginaah I, Odoi J. Artisanal small-

scale mining and mercury pollution in Ghana: a critical 

examination of a messy minerals and gold mining policy. 

J Environ Stud Sci [Internet]. 2013 Dec [cited 2019 Feb 

8];3(4):381-90. Available from: https://doi.org/10.1007/

s13412-013-0147-7 Subscription required to view.

12. Cesar R, Egler S, Polivanov H, Castilhos Z, 

Rodrigues AP. Mercury, copper and zinc contamination 

in soils and fluvial sediments from an abandoned gold 

mining area in southern Minas Gerais State, Brazil. 

Environ Earth Sci [Internet]. 2011 Sep [cited 2019 Feb 

8];64(1):211-22. Available from: https://doi.org/10.1007/

s12665-010-0840-8 Subscription required to view. 

13. Hilson G. Harvesting mineral riches: 1000 years of 

gold mining in Ghana. Resour Policy [Internet]. 2002 

Mar-Jun [cited 2019 Feb 8];28(1-2):13-26. Available 

from: https://doi.org/10.1016/S0301-4207(03)00002-3 

Subscription required to view.

14. Solis MT, Yuen E, Cortez PS, Goebel PJ. Family 

poisoned by mercury vapor inhalation. Am J Emerg 

Med [Internet]. 2000 Sep [cited 2019 Feb 8];18(5):599-

602. Available from: https://doi.org/10.1053/

ajem.2000.4006 Subscription required to view. 

15. Sakamoto M, Kubota M, Matsumoto S, Nakano 

A, Akagi H. Declining risk of methylmercury exposure 

to infants during lactation. Environ Res [Internet]. 

2002 Nov [cited 2019 Feb 8];90(3):185-9. Available 

from: https://doi.org/10.1016/S0013-9351(02)00011-7 

Subscription required to view.

16. Niane B, Guedron S, Moritz R, Cosio C, Ngom PM, 

Deverajan N, Pfeifer HR, Pote J. Human exposure to 

mercury in artisanal small-scale gold mining areas of 

Kedougou region, Senegal, as a function of occupational 

activity and fish consumption. Environ Sci Pollut Res 

[Internet]. 2015 May [cited 2019 Feb 8];22(9):7101-11. 

Available from: https://doi.org/10.1007/s11356-014-

3913-5 Subscription required to view. 

17. Morton J, Mason HJ, Ritchie KA, White M. 

Comparison of hair, nails and urine for biological 

monitoring of low level inorganic mercury exposure 

in dental workers. Biomarkers [Internet]. 2004 Jan-Feb 

[cited 2019 Feb 8];9(1):47-55. Available from: https://

doi.org/10.1080/13547500410001670312 Subscription 

required to view.

18. Akabzaa T, Darimani A.  Impact of mining sector 

investment in Ghana: a study of the Tarkwa mining 

region. Washington, DC: Structural Adjustment 

Participatory Review International Network; 2001 Jan 

20. 71 p. 

19. Asiedu JK. Technical report on reclamation of 

small scale surface mined lands in Ghana: a landscape 

perspective. Am J Environ Prot. 2013;1(2):28-33.

20. Aryee BN, Ntibery BK, Atorkui E. Trends in the 

small-scale mining of precious minerals in Ghana: a 

perspective on its environmental impact. J Cleaner 

Prod [Internet]. 2003 Mar [cited 2019 Feb 8];11(2):131-

40. Available from: https://doi.org/10.1016/S0959-

6526(02)00043-4 Subscription required to view.

21. Appiah DO, Buaben JN. Is gold mining a bane or 

a blessing in Sub-Saharan Africa: the case of Ghana. 

Int J Dev Sustain [Internet]. 2012 [cited 2019 Feb 

8];1(3):1033-48. Available from: https://isdsnet.com/

ijds-v1n3-30.pdf 

22. Emmanuel A. Impact of illegal mining on water 

resources for domestic and irrigation purposes. 

ARPN J Earth Sci [Internet]. 2013 Sep [cited 2019 Feb 

8];2(3):117-21. Available from: http://www.arpnjournals.

com/jes/research_papers/rp_2013/jes_0913_29.pdf

23. Oduro WO, Bayitse R, Carboo D, Kortatsi B, 

Hodgson I. Assessment of dissolved mercury in surface 

water along the lower basin of the river Pra in Ghana. Int 

J Appl Sci Technol. 2012 Jan;2(1):228-35.

24. Kuffour RA, Tiimub BM, Agyapong D. Impacts of 

illegal mining (galamsey) on the environment (water and 

soil) at Bontefufuo area in the Amansie West district. J 

Environ Earth Sci. 2018;8(7):98-107.

25. Reducing mercury use in artisanal and small-scale 

gold mining: a practical guide. Nairobi, Kenya: United 

Nations Environment Programme; 2012. 76 p. 

26. Paruchuri Y, Siuniak A, Johnson N, Levin 

E, Mitchell K, Goodrich JM, Renne EP, Basu N. 

Occupational and environmental mercury exposure 

among small-scale gold miners in the Talensi-Nabdam 

District of Ghana's Upper East region. Sci Total Environ 

[Internet]. 2010 Nov 15 [cited 2019 Feb 8];408(24):6079-

85. Available from: https://doi.org/10.1016/j.

scitotenv.2010.08.022 Subscription required to view.

27. Cobbina SJ, Dagben JZ, Obiri S, Tom-Dery D. 

Assessment of non-cancerous health risk from exposure 

to Hg, As and Cd by resident children and adults in 

Nangodi in the Upper East Region, Ghana. Water Qual 

Exposure Health [Internet]. 2011 Dec [cited 2019 Feb 

Opoku et al

Total Mercury in  Small–Scale Gold Miners in the Amansie West District, Ghana



Journal of Health & Pollution Vol. 9, No. 21 — March 2019
9

Research

8];3(3-4):225-32. Available from: https://doi.org/10.1007/

s12403-012-0059-x Subscription required to view 

28. Gonzalez-Merizalde MV, Menezes-Filho JA, Cruz-

Erazo CT, Bermeo-Flores SA, Sanchez-Castillo MO, 

Hernandez-Bonilla D, Mora A. Manganese and mercury 

levels in water, sediments, and children living near gold-

mining areas of the Nangaritza River basin, Ecuadorian 

Amazon. Arch Environ Contam Toxicol [Internet]. 2016 

Aug [cited 2019 Feb 8];71(2):171-82. Available from: 

https://doi.org/10.1007/s00244-016-0285-5 Subscription 

required to view.

29. Kwaansa-Ansah EE, Basu N, Nriagu JO. 

Environmental and occupational exposures to mercury 

among indigenous people in Dunkwa-On-Offin, a small 

scale gold mining area in the South-West of Ghana. Bull 

Environ Contam Toxicol [Internet]. 2010 Nov [cited 

2019 Feb 8];85(5):476-80. Available from: https://doi.

org/10.1007/s00128-010-0141-7 Subscription required 

to view.

30. Akagi H, Nishimura H. Speciation of mercury in 

the environment. In: Suzuki T, Imura N, Clarkson TW, 

editors. Advances in mercury toxicology. Boston, MA: 

Springer; 1991. p. 53-76.

31. Donkor AK, Nartey VK, Bonzongo JC, Adotey DK. 

Artisanal mining of gold with mercury in Ghana. West 

Afr J Appl Ecol. 2006 Jan-Jun;9:1-8.

32. Nielsen JB, Andersen O. Methyl mercuric chloride 

toxicokinetics in mice. II: Sexual differences in whole-

body retention and deposition in blood, hair, skin, 

muscles and fat. Pharmacol Toxicol [Internet]. 1991 Mar 

[cited 2019 Feb 8];68(3):208-11. Available from: https://

doi.org/10.1111/j.1600-0773.1991.tb01224.x Subscription 

required to view.

33. Nielsen JB, Andersen HR, Andersen O, Starklint H. 

Mercuric chloride-induced kidney damage in mice: time 

course and effect of dose. J Toxicol Environ Health. 1991 

Dec;34(4):469-83.

34. Clarkson TW, Small H, Norseth T. Excretion and 

absorption of methyl mercury after polythiol resin 

treatment. Arch Environ Health. 1973 Apr;26(4):173-6.

35. Suzuki T. Hair and nails: advantages and pitfalls 

when used in biological monitoring. In: Clarkson TW, 

Friberg L, Nordberg GF, Sager PR, editors. Biological 

monitoring of toxic metals. Boston, MA: Springer; 1988. 

p. 623-40.

36. Ye BJ, Kim BG, Jeon MJ, Kim SY, Kim HC, Jang 

TW, Chae HJ, Choi WJ, Ha MN, Hong YS. Evaluation 

of mercury exposure level, clinical diagnosis and 

treatment for mercury intoxication. Ann Occup Environ 

Med [Internet]. 2016 Jan [cited 2019 Feb 8];28(5):1-8. 

Available from: https://doi.org/10.1186/s40557-015-

0086-8 

37. Klaassen CD.  Casarett & Doull’s toxicology: the 

basic science of poisons. 7th ed. New York: McGraw Hill; 

2007. 1280 p.

38. Veiga M, Baker R. Removal of barriers to 

introduction of cleaner artisanal gold mining and 

extraction technologies: protocols for environmental and 

health assessment of mercury released by artisanal and 

small-scale gold miners. Vienne, Austria: United Nations 

Industrial Development Organization; 2004. 170 p. 

39. Horng CJ, Tsai JL, Horng PH, Lin SC, Lin SR, 

Tzeng CC. Determination of urinary lead, cadmium and 

nickel in steel production workers. Talanta [Internet]. 

2002 Apr 8 [cited 2019 Feb 8];56(6):1109-15. Available 

from: https://doi.org/10.1016/S0039-9140(01)00645-2 

Subscription required to view.

40. Clarkson TW, Hursh JB, Sager PR, Syversen TL. 

Mercury. In: Clarkson TV, Friberg L, Nordberg GF, 

Sager PR, editors. Biological monitoring of toxic metals. 

New York: Plenum Press; 1988. p.199-246.

41. Castilhos Z, Rodrigues-Filho S, Cesar R, Rodrigues 

AP, Villas-Boas R, de Jesus I, Lima M, Faial K, Miranda 

A, Brabo E, Beinhoff C, Santos E. Human exposure and 

risk assessment associated with mercury contamination 

in artisanal gold mining areas in the Brazilian Amazon. 

Environ Sci Pollut Res [Internet]. 2015 Aug [cited 2019 

Feb 8];22(15):11255-64. Available from: https://doi.

org/10.1007/s11356-015-4340-y Subscription required 

to view.

42. Mercury study report to congress [Internet]. Vol. 

IV, An assessment of exposure to mercury in the United 

States. Washington, D.C.: United States Environmental 

Protection Agency; 1997 Dec [cited 2019 Feb 8]. 293 p.  

Available from: https://www.epa.gov/mercury/mercury-

study-report-congress 

43. Environmental health criteria 101: methylmercury. 

Geneva, Switzerland: World Health Organization; 1990. 

144 p.

44. Donkor AK, Bonzongo JC, Nartey VK, Adotey DK. 

Mercury in different environmental compartments of 

the Pra River Basin, Ghana. Sci Total Environ [Internet]. 

2006 Sep 1 [cited 2019 Feb 8];368(1):164-76. Available 

from: https://doi.org/10.1016/j.scitotenv.2005.09.046 

Subscription required to view.

45. Voegborlo RB, Matsuyama A, Adimado AA, Akagi 

H. Head hair total mercury and methylmercury levels 

in some Ghanaian individuals for the estimation of their 

exposure to mercury: preliminary studies. Bull Environ 

Contam Toxicol. 2010 Jan;84(1):34-8. Available from: 

https://doi.org/10.1007/s00128-009-9901-7 Subscription 

required to view.

46. Adimado AA, Baah DA. Mercury in human blood, 

urine, hair, nail, and fish from the Ankobra and Tano 

River Basins in southwestern Ghana. Bull Environ 

Contam Toxicol. 2002 Mar;68(3):339-46.

47. Malm O, Pfeiffer WC, Souza CM, Reuther R. 

Mercury pollution due to gold mining in the Madeira 

River basin, Brazil. Ambio. 1990;19(1):11-5.

48. Suzuki T, Imura N, Clarkson TW, editors. Advances 

in mercury toxicology. Boston, MA: Springer; 1991. 

490 p.

49. Ohno T, Sakamoto M, Kurosawa T, Dakeishi M, 

Iwata T, Murata K. Total mercury levels in hair, toenail, 

and urine among women free from occupational 

exposure and their relations to renal tubular function. 

Environ Res [Internet]. 2007 Feb [cited 2019 Feb 

8];103(2):191-7. Available from: https://doi.org/10.1016/j.

envres.2006.06.009 Subscription required to view.

50. Pesch A, Wilhelm M, Rostek U, Schmitz N, 

Weishoff-Houben M, Ranft U, Idel H. Mercury 

concentrations in urine, scalp hair, and saliva in 

children from Germany. J Expo Anal Environ Epidemiol 

[Internet]. 2002 Jul [cited 2019 Feb 8];12(4):252-8. 

Available from: https://doi.org/10.1038/sj.jea.7500228 

Opoku et al


